We synthesized zinc glycerolate (ZnGly) microstacks by treating ZnO with glycerol at 100°C under reflux. We observed that the morphology of the ZnO source has a pronounced effect on the appearance of the ZnGly product. In the absence of structure-directing effects the product ZnGly is obtained as a random heap of hexagonal prisms with an average diameter and thickness of ca. 2.5 μm and ca. 350 nm, respectively. However, bundles of nanorod-shaped ZnO obtained by the thermal decomposition of zinc oxalate nanorods could readily be transformed into 2-4 μm long zinc glyc-
Introduction
Cosmetic and dermatological applications of nanotechnology have attracted considerable attention recently. [1] In fact, the pharmaceutical and the cosmetics industry are among the largest commercial benefactors of nanotechnology today. [2] Advances related to personal care products as well as therapeutic materials including novel nanosized carriers [3, 4] or metallic [5, 6] and semiconducting [7] nanoparticles, polymers [8] and magnetic materials [9] as active components appear with increasing frequency. The last few years have also seen an increased awareness [10] of the potential health hazards of nanomaterials, [8, 11, 12] their toxicity [13] [14] [15] and the necessity to study their interaction with living tissue in detail. [16, 17] However, studies focused on controlling the morphology of health-agent nanoparticles are not evenly distributed among the potential materials, even though such advances could certainly contribute to the success of the emerging nano-cosmetology and nano-dermatology disciplines.
Zinc glycerolate (ZnGly) is a typical example of such a material. It is a slow-release nontoxic source of therapeutic zinc [18] with antiarthritic, [19] antiulcer, [20] and antiinflammatory [21] activity. Recently, Heideman et al. have reported on the applicability of ZnGly for replacing ZnO in various rub-3622 erolate microstacks in which 6-12 hexagonal prisms are aligned face-to-face. We present evidence that the ZnGly plates in the microstacks are bound together by forces strong enough to withstand mechanical deformation exercised by a contacting AFM tip. The ZnGly microstacks appear to emerge from the ZnO nanorod bundles in an approx. 1:1 ratio in the reactive template synthesis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2009) ber compounds. [22] The general public is regularly exposed to ZnGly as it is effective against oral herpetic sores [23] and serves as the active component of the product "GlyZinc." It belongs to the monoclinic crystal system, space group P2 1 /c and exhibits a strong tendency towards forming platelike hexagonal crystals with a prismatic habit. [24] Until now, no attempt was made to direct the growth of zinc glycerolate into any morphology other than a random assembly of hexagonal prisms. It should be noted though that Moleski et al. have recently succeeded in the controlled conversion of ZnGly into ZnO nanoparticles. [25] Zinc, cobalt, manganese, and iron monoglycerolates all have a similar structure and can be synthesized by using the same reaction. [26] [27] [28] [29] Cobalt glycerolate appears to be particularly important today as it is a layered antiferromagnetic material, which was recently shown by Pratt et al. [30] to exhibit a chiral-like critical behavior. Nontransitionmetal glycerolates like calcium glycerolate [31] and lead glycerolate [32] have also attracted some attention in the past. Gaining more control over the nanoscale morphology of zinc glycerolate is expected to advance the evolution of these related fields as well.
Bottom-up methods are used extensively for the synthesis of several nanostructured materials including for example biological nanomaterials, [33] self-assembled monolayers, [34] and nanoelectronics components. [35] Their common advantage is that they exploit the natural shape and pattern formation drive of materials and therefore, they are generally cheaper and more scalable then top-down approaches. On the other hand, the lack of a suitable structure-directing agent or template can hinder the development of a bottom-up method considerably. Ideally, the morphology of the reactants should be mirrored in the structure of the product to give the most feasible bottom-up synthesis. In some reaction types (e.g. calcination of oxalate precursors [36] or the conversion of titanate nanowires into anatase nanowires [36] ) this is readily achieved, whereas other reactions -especially the ones involving the complete chemical restructuring of both reactants -are generally not available for reactive templating. [37] In the present contribution we give a working example for a complete bottom-up synthesis with sacrificial templating: first, we exploit a natural pattern formation tendency of nonstructured starting materials to obtain zinc oxalate nanorods, then we use a well-known reactive templating reaction to transform these into ZnO nanorods, and finally, we copy the rodlike structure of ZnO into a completely different material, zinc glycerolate by sacrificial templating.
Results and Discussion
In Figure 1 we present the XRD profiles of the materials discussed. The characteristic wurtzite ZnO reflections indexed in curve (a) are present both in the diffractogram of the commercial ZnO source (a) and the profile of the nanorods (b) synthesized according to Ha et al. [38] For reference, the profile of the zinc oxalate intermediate is also shown as curve (c) and indexed on a basis of a monoclinic cell of zinc oxalate dihydrate. Profiles (d) and (e) are characteristic of zinc glycerolate synthesized from commercial ZnO powder and ZnO nanorods, respectively. The signature reflections of zinc glycerolate are found at 11.1°(100), 17.2°(011), 20.7°(111), 23.8°(102), 24.8°(012), and 27.6°(020) with several minor peaks in the 28-50°range. It can be seen that (i) both ZnO sources could be transformed into zinc glycerolate, and (ii) zinc glycerolate synthesized from ZnO nanorods appears to contain less ZnO impurities than its commercial ZnO-based counterpart. The morphology of the ZnO nanorods can be assessed in Figure 2 . Individual zinc oxalate nanorods ( Figure 2a ) are typically over 1 μm long and measure less than 100 nm in diameter. They are organized into bundles over 3 μm long and over 500 nm in diameter. This structure is mirrored in the ZnO nanorods ( Figure 2b ) prepared from zinc oxalate. Here the individual rods are close to 2 μm in length and less than 100 nm in diameter, whereas the ZnO bundles (microrods) are longer than 3 μm, and their diameter is approx. 500 nm. Thus, the morphology of the synthesized rodlike ZnO agrees well with results published earlier [38, 39] and demonstrates the success of the first reactive templating step. In Figure 2c the morphology of the commercial ZnO powder used as a reference is shown. The ZnO particles have a broad diameter distribution with a mean particle size of 1100 nm and random particle alignment. Zinc glycerolate synthesized from this commercial ZnO powder (Figure 3a) consists of a random assembly of hexagonal crystals averaging ca. 2.5 μm in diameter and ca. 350 nm in thickness. Since no structure-directing effects were at work in the reaction mixture, there is no preferential crystal-face alignment. This finding is in agreement with the work of Hambley and Snow [24] who did not note any orientation effects in ZnGly prepared from commercial ZnO. In Figure 3b we present the image of the same material after sonicating it in ethanol in a low-energy ultrasonic bath for 20 min and then allowing the suspension to settle gently without mechanical disturbances. This experiment was performed in order to loosen up the zinc glycerolate crystals and see if stacking interactions alone could re-assemble the hexagonal platelets on top of each other. Figure 3b clearly proves this hypothesis void: the alignment of the crystals remained random after sonication. Therefore, we may conclude that spontaneous stacking forces acting between the zinc glycerolate crystals are inadequate to exercise any orientation effect on the material. Zinc glycerolate prepared from ZnO microrods consists of hexagonal crystals with a mean diameter and thickness of ca. 1400 nm and ca, 330 nm, respectively (Figure 4a) . However, the particles are well oriented in this case. Alignment is ensured by the stacking basal planes of the hexagonal prisms and results in an irregularly shaped ZnGly microstack with a long axis perpendicular to the crystallographic bc plane of the crystals. Typically, one microstack consists of 6-12 zinc glycerolate prisms and has a total length of 2-4 μm (Figure 4b, c) . The excellent match between the XRD profiles of the randomly aligned zinc glycerolate phase and the microstacks (Figure 1) indicates that their crystal structures are identical.
Infrared spectra ( Figure 5 ) were recorded to assess the similarity on the molecular scale. Spectra (a) and (b) belong to the randomly oriented and the microstack-structured ZnGly, respectively. Curve (c) is the reference spectrum of glycerol. The characteristic ν(O-H), ν(C-H), and (νC-O) vibrations of glycerol are observable at 3360, 2910, 1124, and 1046 cm -1 . [40] The narrowing of the glycerol bands in ZnGly is due to the crystalline nature of the material. oxygen atom is involved in an O-H···O hydrogen bond, respectively. Spectral changes all originate from the confinement of the glycerato ligands into well-defined 5-memberring structures in the zinc glycerolate chelate compound as described in the original report of Radoslovich et al. [41] The spectra of the two ZnGly phases -curves (a) and (b) -are almost identical; therefore, the structure of the randomly aligned material and the microstacks can be considered the same on the molecular level as well. A close-up view of the prism-prism interface (Figure 4c ) in the microstacks suggests that 3-5 prisms may be grown together because even at high magnification no gap is vis-ible between them. However, it is not possible to decide on the basis of the SEM images alone if this really is the case or if the ZnGly prisms are merely stacking together.
In Figure 6 an AFM image of the zinc glycerolate microstacks is presented. Letters A-E mark five different ZnGly microstack examples, and several more unmarked ones are also visible. The physical dimensions and the stacked hexagonal-prism structure of the microstacks determined from the AFM measurement agree well with the SEM observations. In order to test the validity of the assumption that the ZnGly hexagons are attached to each other, we lowered the AFM probe to the top left corner of the ZnGly assembly marked F and moved the tip back and forth 2 μm in the sample plane. This method is based on the work of Biro et al. who used a similar technique to prove the presence of chemical linkage between functionalized carbon nanotubes by STM. [42] The image on the right-hand side in Figure 6 depicts the studied area after the manipulation. The damage caused by the AFM tip to the ZnGly object F is observable as a white spot. Moreover, it is also visible that the F assembly has flipped over the top left/bottom right diagonal of the image. Since neither the A-E microstacks nor the unmarked ZnGly units changed their relative positions, the movement of F can only be assigned to the agitation effect of the tip. Let us now observe that object F consisted of two hexagonal prisms originally. This structure is completely preserved: both prisms appear to have moved together, without changing their relative position even though the force exercised by the AFM tip was large enough to damage the ZnGly crystal itself. This finding complements the SEM results (Figure 4c ) and suggests that the hexagonal ZnGly prisms in one microstack not only appear to be very close but they are indeed bound together. It is not yet possible to determine if this is through a primary chemical bond (that is, ZnGly prisms grown together) or van der Waals forces, but the attachment is certainly strong enough to preserve the microstack structure even when subjected to a considerable deformation force. Further studies are required to uncover the exact role of the noncrystalline material visible (Figure 4c ) between the individual ZnGly prisms in the structural integrity of the microstacks. The most peculiar finding of our work is that ZnO nanorod bundles can serve as sacrificial templates and give an organometallic reaction product. This is the inverse of the more common path of converting a shape-controlled hydroxide [43, 44] or organic salt [39, 45] into an oxide nanorod. Examples of similar conversions are scarcely found in the literature. Besides the mentioned oxide production reactions, reactive templating is mostly used for the preparation of low-dimensional electroceramic nanostructures [46] [47] [48] today. Concerning the mechanism of the zinc glycerolate microstack formation it seems evident that the ZnO microrod can not dissolve fully in the first reaction step because in that case the structure-directing phenomenon would not be observable. It is also clear that ZnO microrods are consumed in the reaction, which makes the synthesis a working example of a reactive templating bottom-up method. However, it is an open question if the ZnO Ǟ ZnGly conversion progresses from one end of the ZnO rod to the other or takes place along the whole length simultaneously. It has been reported earlier that the ZnO surface can interact with -OH groups through hydrogen bonds [49] and that different ZnO facets exhibit different affinities towards interaction with polyethylene glycol. [50] Combining these findings with our experience in diffusion-limited hydrothermal growth in static autoclaves we suggest that the former option has a higher probability. [51] That is, the end of the ZnO microrod is more likely to be attacked by the chelating agent glycerol. Since the autoclave is not agitated, the volume near the end of the nanorod could become locally oversaturated for zinc glycerolate, which will spontaneously crystallize in hexagonal prisms. The close proximity (there is no convection in the system because the autoclave is static) of the previously formed ZnGly prisms will then allow the system to minimize its surface energy by the attachment of the prisms to a ZnGly microstack ( Figure 7) . A similar explanation has recently been offered to explain the formation of ZnO doughnuts by Ghoshal et al. [52] On the other hand, when the synthesis is done from randomly oriented commercial ZnO particles the ZnGly prisms are not aligned well enough to allow proximity-induced surface-energy minimalization (Figure 3) , and therefore ZnGly microstack formation does not take place. The diameter difference between the ZnO microrods and the ZnGly microstacks could be related to the different structure (wurtzite crystal vs. chelato complex) of the materials. Whereas the density of wurtzite ZnO [53] is 5.6 g cm -3 , the density of zinc glycerolate is 2.2 g cm -3 according to Hambley and Snow. [24] This ca. 250 % density difference matches the observed mean diameter difference (ca. 500 nm for a ZnO nanorod bundle vs. ca. 1400 nm for a ZnGly microstack, see Figures 2 and 4) well. Combined with the fact that the mean length of a ZnO nanorod bundle and that of a ZnGly microstack are similar we may assume that on average, one ZnO nanorod bundle is converted into one ZnGly microstack during the hydrothermal treatment. The reason for the heterogeneous size distribution of the ZnGly prisms within one microstack is still unclear; one may hypothesize that it is related to the nonuniform cross-section (Figure 2b ) of the ZnO nanorods or to local concentration fluctuation effects.
Conclusions
We synthesized zinc glycerolate (ZnGly) by treating ZnO with glycerol. We observed that the morphology of the ZnO source has a large effect on the appearance of the ZnGly product. In the absence of structure-directing effects the product ZnGly is obtained as a random heap of hexagonal prisms. Their alignment remains random even if subjected to ultrasonic perturbation and subsequent relaxation. However, nanorod-shaped ZnO could readily be transformed into zinc glycerolate microstacks in which 6-12 hexagonal prisms are aligned face-to-face. We presented evidence that the ZnGly plates in the microstacks are bound together by forces strong enough to withstand mechanical deformation exercised by a contacting AFM tip and suggested a formation scheme to explain the main features of the ZnO microrod to ZnGly microstack conversion.
We suggest that the glycerolate microstack preparation principle reported here could easily be extended to cover the preparation of microstacks from other glycerolate-forming metal oxide nanorods, e.g. iron, cobalt, and manganese oxides. Although some questions concerning the exact formation mechanism of ZnGly microstacks are still open, we expect that with the expansion of the nano-dermatology field and the recent interest in layered magnetic materials, answers will come soon.
Experimental Section
Synthesis of ZnO Nanorods: Zn(NO 3 ) 2 ·6H 2 O (10 mmol, Reachim) and oxalic acid (10 mmol) were dissolved in absolute ethanol (40-40 mL, Molar) and mixed together thoroughly at room temperature. The resulting mixture was transferred into a Teflon-lined stainless steel autoclave and kept at 130°C for 10 h. The product mixture was filtered, washed with distilled water and ethanol, and dried at 80°C in air overnight. Finally, the synthesized zinc oxalate was decomposed to ZnO by calcination at 420°C in an N 2 flow for 2 h (heating temperature ramp was set to 2.5°C min -1 ).
Synthesis of Zinc Glycerolate (ZnGly): ZnO (0.25 g, either a commercial product from Reanal or the nanorods described above) was mixed with glycerol (25 mL, Molar) at 100°C under reflux for 4 h. The resulting mixture was transferred into a Teflon-lined stainless steel autoclave and kept at 150°C for 24 h. The product mixture was filtered, washed with distilled water, and dried at 80°C in air overnight.
Characterization: X-ray diffraction profiles were recorded with a Rigaku Miniflex 2 instrument by using Cu-K α radiation. Scanning electron microscopy (SEM) was performed with a Hitachi S-4700 Type II cold field-emission microscope. Samples were sputtercoated by an approx. 5 nm thick Au/Pd layer before measurement to avoid charging effects. Infrared (IR) spectra were recorded in a KBr matrix with a Bruker Vertex 70 FT-IR instrument under ambient conditions averaging 64 scans at a resolution of 4 cm -1 . Atomic force microscopy images were recorded with an NT-MDT Smena A unit on HOPG substrate in semi-contact mode by using TAP300GD tips with a resonance frequency of 300 kHz and force constant 40 N/m.
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